~bLf is a filamentous bacteriophage of Xanthomonas campestris pv. campestris, which can integrate its genome into the host chromosome. The nucleotide sequence of an EcoRV-SphI fragment (1018bp) from the ~bLf replicative form DNA was determined. Four contiguous open reading frames (ORFs), orf98-orf43-orf38-orf42, were revealed. ORFs 98 and 42 were identified as the genes encoding a single-stranded DNA-binding protein (Sbp) and a major coat protein, respectively. Sbp was purified and found to bind with a high affinity to ssDNA prepared from ~bLf phage particles. The major coat protein showed sequence features similar to those of the typical major coat proteins of other filamentous phages.
Introduction
~bLf is a filamentous bacteriophage that specifically infects Xanthomonas campestris pv. campestris, a Gramnegative bacterium which is the causative agent of black rot in crucifers (Williams, 1980) and is used for industrial xanthan gum production (Slodki & Cadmus, 1978; Sandford & Baird, 1983) . This phage is filamentous in morphology, has a circular, single-stranded DNA genome of 6'0 kb, uses a replicative form (RF) as the replication intermediate, and manifests a non-lytic life cycle (Tseng et al., 1990) . In terms of these properties, it is similar to other filamentous phages, such as Ff and IKe of Escherichia coli, and Pfs of Pseudomonas aeruginosa (Model & Russel, 1988) . However, ~bLf differs from other filamentous phages in several aspects. It infects through a receptor site other than a pilus (unpublished results), it possesses a mechanism to integrate its genome into the host chromosome (Lee, 1991; Fu et al., 1992) and a cloned fragment from the ~bLf RF DNA containing the The nucleotide sequence reported has been deposited in the EMBL Data Library under the accession number X70331. phage origin of replication can support autonomous replication without a helper phage (unpublished results) .
Two other filamentous phages of X. campestris have been reported, phage Cf of X. campestris pv. citri (Dai et al., 1980) and phage Xf of X. campestris pv. oryzae (Kuo ez aL, 1969) . All three phages can be differentiated by their host specificity. Each phage is able to infect cells from only its own host (Tseng et al., 1990) . Interestingly, when RF DNA prepared from any of the phage-infected hosts is electroporated into any of the three host cells, progeny phage particles are produced (unpublished results). In other words, the different X. campestris pathovars can support DNA replication and gene expression of these related phages.
The nucleotide sequences of several filamentous phages of E. coli and P. aeruginosa have been determined (Beck et al., 1978; van Wezenbeek et al., 1980; Hill & Petersen, t982; Luiten et al., 1985; Peeters et al., 1985; Hill et al., 1991; Stassen et al., 1992) . Comparative studies have revealed that although no DNA or amino acid sequence homology has been found, the overall gene organization is similar among these phages (Luiten et al., 1985; Stassen et al., 1992) . Analysis of nucleotide sequences is the first step towards an understanding of the structure, function, organization and regulation of a 0001-1811 © 1994 SGM gene/genome. Furthermore, comparison of sequences may provide information about the significance of particular domains with respect to their evolution. To study ~bLf, efforts have been made in our laboratory to determine the nucleotide sequence of the ~bLf genome. The sequence of the 1-0 kb EcoRV-SphI fragment from the q~Lf RF DNA is reported in this communication. This fragment contains four open reading frames (ORFs) which were designated orf98, orf43, orf38 and orf42. ORFs 98 and 42 were identified as the single-stranded DNA-binding protein (Sbp) gene and the major coat protein gene, respectively. ORFs 43 and 38 are proposed to be the genes encoding two minor coat proteins. This gene order is similar to that found in the filamentous phages of E. coli (Model & Russel, 1988) . However, it was interesting to note that the major coat protein of ~bLf appeared to be synthesized as a mature protein instead of a pre-coat protein which is processed post-translation. Among all known major coat proteins, only that of phage Pf3 is synthesized as a mature protein (Luiten et al., 1983; Putterman et al., 1984) .
Methods
Strains and growth conditions. The filamentous phage ~bLf, the procedures used to propagate and purify the phage, and the doublelayer plaque assay have been described previously (Tseng et al., 1990) . The non-mucoid mutant strain P20H (Yang & Tseng~ 1988 )~ isolated from wild-type X. campestris pv. campestris 11, was used as the indicator strain for plaque assays and as the host for phage propagation. LB and L agar (Miller, 1972) were the general purpose media for growing both X. campestris pv. campestris (at 28 °C) and E. coil (at 37 °C). The E. coli strain used for cloning and preparing template for DNA sequencing was JM101 (Messing, 1979) .
Purification of Sbp. The Sbp of ~bLf was purified according to the procedures of Alberts et al. (1972) , which were used to isolate the gene V protein of phage fd, using DEAE-cellulose and DNA~ellulose column chromatography.
SDS-polyacrvlamide gel electrophoresis. SDS-PAGE was performed as described by Laemmli (1970) . The protein bands were visualized by staining with Coomassie brilliant blue R-250. A concentrated suspension of the ~Lf phage particles purified by CsC1 density gradient ultracentrifugation was used as the source of major coat protein for SD~PAGE.
Determination of the N-term#tal amino acid sequence. The proteins separated by SDS-PAGE were blotted onto an Immobilon transfer membrane (Millipore). A piece of membrane containing the protein was cut out. The selected protein band was eluted then subjected to Edman degradation to determine the N-terminal amino acid sequence using an Applied Biosystems 477A Protein Sequencer. Protein concentrations were determined using the method of Lowry et al. (1951) , with crystalline BSA used as a standard.
DNA techniques. RF DNAs of q~Lf and M 13 were prepared by the alkaline lysis method of Birnboim & Doly (1979) . ~bLf ssDNA was extracted from culture supernatant containing the phage particles (approx. 10 ~2 p.f.u./ml) by following the protocol developed for the extraction of M 13 ssDNA (Schreier & Cortese, 1979) . The procedures for restriction digestion, ligation of DNA, and plasmid transformation were performed as described in Maniatis et aL (1982) . All enzymes used for DNA manipulation were purchased from Promega and used as recommended by the supplier.
Sequence analysis. The 1.0 kb EcoRVSphI fragment of the ~bLf RF DNA was cloned into M 13rap 18 and M 13rap 19 (Yanisch-Perron et al., 1985) . Nested subclones were generated by the non-random deletion method of Dale et al. (1985) . The sequences of both strands were determined by the dideoxynucleotide chain-termination methodof Sanger et al. (1977) . Analysis of the sequences was carried out using Release 6.01 of PC/GENE (IntelliGenetics). Tfasta (Pearson & Lipman, 1988 ) was used to search for homologous sequences in the Genetics Computer Group (GCG).
Results

Sequencing of the 1"0 kb EcoRV Sphl fragment of (~Lf
The 1"0 kb EcoRV SphI fragment of ~bLf RF DNA, corresponding to the region extending from 37-7 to 54-6 rain on the restriction map ( Fig. 1) , was cloned into M13mpl8 and M13mpl9. The nucleotide sequence of both strands was determined. The results indicated a stretch of 1018 nucleotides. Analysis revealed four complete ORFs and a fifth ORF which is interrupted at the SphI site (Fig. 2) . However, no sequences similar to the E. coli consensus promoter sequence were found. Transcription of all ORFs proceeds in the same direction. The four ORFs were designated orf98, orf43, orf38 and off42, according to the number of amino acids encoded, and ordered as depicted in Fig. 1 I-7-1Y34 I-6-1Y41 i-4-K "26"1F731 11"6-Rso "'- HSV protein product of orf42 showed that this polypeptide has an acidic N terminus, a hydrophobic central domain (18 residues) and a basic C terminus. These sequence features and its M r are strikingly similar to those of the typical major coat proteins (gene VIII product) of filamentous phages (Fig. 4) . Genomes of the E. coli Ff phages consist of 10 genes (Model & Russel, 1988) . Among these genes, only four, which are clustered in the order V-VII-IX-VIII, encode products of less than 100 amino acids. ORFs 98, 43, 38 and 42 encode products with sizes similar to those of the Ff genes V, VII, IX and VIII, which code for 87, 33, 32 and 50 amino acids, respectively, in their mature form. Based on the observed similarities in structural features, sizes of the deduced gene products and gene organization, we predict that ORFs 98 and 42 are the genes coding for the Sbp and major coat protein of ~bLf, respectively.
Purification and N-terminal amino acid sequence of the qSLf Sbp
As a result of the prediction described above, efforts were made to purify the q~Lf Sbp. Approximately 30 mg of the Sbp was obtained by purification with DEAE~zellulose and DNA--cellulose column chromatography, from 50 g (wet weight) of ~bLf-infected cells of X. campestris strain P20H. The protein was apparently pure when assessed by SDS-PAGE. This protein gave a major band with an apparent M r of I l K (Fig. 5) . This M r is in close agreement with the value calculated for the deduced polypeptide product of orf98 (10.9K). The Sbp protein band in the gel after SDS-PAGE was blotted onto an Immobilon transfer membrane and then subjected to automated Edman degradation. The sequence of the first 30 amino acids at the N terminus of the Sbp was determined to be as follows : Met-Lys-Val Gln-Ile Met-Ser-Ser Ala-Val-Ala Val-Arg-SerPhe Pro Ala-Arg-Glu-Gly-Lys Pro-Ala-Thr-His P h e~r~G l u -G l n -T h r -. This chemically determined amino acid sequence is in complete agreement with that deduced from the nucleotide sequence (Fig, 2) .
To test for binding activity, the purified Sbp was mixed with ssDNA prepared from ~bLf phage particles and visualized in a gel retardation assay. In the presence of Sbp, the mobility of the ~bLf DNA was retarded but double-stranded ~bLf RF DNA or phage 2 DNA was not (Fig. 6) .
M,. of the ~Lf major coat protein
It is known from the studies on Ff and Pf that each filamentous phage particle consists of more than 2500 copies of the major coat protein (Pratt et al., 1969; Newman et al., 1977; Luiten et al., 1983; Putterman et al., 1984) . In this study, a concentrated eLf suspension prepared by ultracentrifugation was subjected to SDS-PAGE. The major coat protein formed a major band on the gel. The M r of this protein was estimated to be 4K (Fig. 5) , which is in close agreement with the value calculated from the deduced protein product of orf42 (4.1K).
G + C content and codon usage
The G + C composition of the 1018 nucleotides of the ~bLf DNA (17.9% A, 23.6% T, 32"5% G, 26.0% C) is slightly lower than that of the host X. campestris chromosome [G+C content 63-5 to 69.2% (Bradbury, 1984) ]. This is in accordance with the preference for G or C as the third base in codon usage. The percentage of codons terminated by G/C was 71, 65, 92 and 67%, respectively, for ORFs 98, 43, 38 and 42.
Discussion
In this study, the nucleotide sequence of a 1.0 kb EcoRV SphI fragment from ~bLf RF DNA has been determined. Analysis of this sequence has revealed four ORFs, 98, 43, 38 and 42. The first ORF, orf98, was identified as the gene encoding Sbp. Evidence in support of this identification includes: (i) comparison with several Sbps from prokaryotic and eukaryotic sources revealing that ~bLf Sbp possesses the proposed consensus binding motif( Fig. 3 ; Prasad & Chiu. 1987; Wang & Hall, 1990; Gutierre'z et aI., 1991) , (ii) the N-terminal amino acid sequence of the purified ~bLf Sbp is in agreement with that deduced from the nucleotide sequence, (iii) the 10v 20v 30v 40v 50v ~Lf MKVQ IMS SAVAVRSFPAREGKPATHFREQTAAVLREGDF pLp FT IGLDEDQ *********** : ****** : *********** *************** : ** *** apparent M r of the Sbp determined by SDS-PAGE is similar to that of the product deduced from the nucleotide sequence and (iv) the purified Sbp binds with high affinity to ~bLf genomic ssDNA but not to dsDNA. The complete nucleotide sequence of the genome of the filamentous phage Cflc from X. campestris pv. cirri has been determined, although ORFs were not assigned (Kuo et al., 1991) . Alignment of the amino acid sequence indicated that a stretch of 98 amino acids from Cflc, corresponding to nucleotide positions 7087 to 72 (Kuo et al., 1991) , is 85.7 % identical to that of the Sbp from ~bLf (Fig. 7) . This high amino acid identity suggests that the Sbps from ~bLf and Cflc may be functionally equivalent, and partly accounts for our observation that when ~Lf RF DNA was electroporated into X. campestris pv. citri, the host for Cflc, high titres of ~bLf progeny phage particles were produced (unpublished results). Computeraided analysis of the region within 500 nucleotides downstream of the Cflc orf98 (Kuo et al., 1991) , revealed three ORFs with lengths and locations similar to those of ORFs 43, 38 and 42 of ~bLf, encoding proteins of 30, 66 and 90 amino acids, respectively. Comparison of these corresponding ORFs however, revealed no homology between the amino acid sequences. Since no ORFs were described for this region (Kuo et al., 1991) no further information was available.
Orf42 was identified as the gene coding for the major coat protein of ~bLf, based on the similarities in gene order, M r and structural features with the major coat proteins of other filamentous phages (Fig. 4) . The major coat proteins of filamentous phages are transmembrane macromolecules which contain acidic N termini, hydrophobic central domains and basic C termini (Model & Russel, 1988) . The major coat protein of ~bLf possesses all of these structural features (Fig. 4) . In addition, all major coat proteins, except that of Pf3 (Luiten et al., 1983; Putterman et al., 1984) , are synthesized as a precoat protein containing a hydrophobic N-terminal signal peptide. This signal peptide is cleaved off by the signal peptidase with concomitant deposition of the mature coat protein into the inner membrane (Webster & Cashman, 1978; Chang et al., 1979) . Translation of orf42, starting from ATG at position 696, may be dependent on a strong ribosome binding side (AGGA), eight nucleotides upstream. Another ATG in the same reading frame occurs at position 651. However, no consensus sequence for ribosome binding is present and translation initiated from there would be terminated at the sixth codon (TAA). Therefore, the ATG at position 696 appears to be the true initiation codon for the product of 4.1K. This M,. coincides with that estimated from SDS-PAGE. In addition, sequences similar to a signal peptide are not present in the N-terminal region of the deduced product. Therefore, the ~bLf major coat protein appears to be a direct product instead of a processed derivative from a pre-coat protein. This observation suggests that the major coat protein of ~bLf is transported into the membrane post-translationally. It is of special interest that, in contrast to the absence of a signal peptide in the ~bLf major coat protein, the closely related phage Xf of J2. campestris pv. oryzae produces a pre-coat protein product (Frangione et al., 1978) .
The base composition of Pf3 DNA deviates significantly from that of the host P. aeruginosa (Luiten et al., 1985) . However, in ~bLf, the base composition of the 1018 nucleotide fragment (58.5 % G + C) is only slightly lower than that of its host's chromosome (63.5 to 69.2%) (Bradbury, 1984) . Consequently, the genes encoding the Sbp and the major coat protein show preferential use of G or C as the third base of codons. ORFs 43 and 38 also show the same codon usage preference. A high G + C content (58%) has also been observed in filamentous phage Cflc of J(. campestris pv. citri (Kuo et al., 1991) .
In Ffand IKe phages, the genes encoding Sbp (gene V) and the major coat protein (gene VIII) are separated by two genes encoding minor coat proteins (genes VII and Shine & Dalgarno (19751) , and that of M 13 gene VII is from van Wezenbeek et al. (1980) . Nucleotides complementary to the 3' OH terminus of 16S rRNA of E. eoli and P. aerug#1osa are underlined. (Luiten et al., 1985) , M13 (van Wezenbeek et al,. 1980) and Cflc (Kuo et al.~ 1991) .
IX) (Beck et al., 1978; van Wezenbeek et al., 1980; Hill & Petersen, 1982; Peeters et al., 1985) . Our results indicate that the ~bLf Sbp gene and major coat protein gene are also separated by two small ORFs (ORFs 43 and 38). Furthermore, the lengths of the products of genes VII and IX are 33 and 32 amino acids respectively, similar to those of the potential products of orf43 (43 amino acids) and orf38 (38 amino acids). Therefore, based on these similarities, orf43 and orf38 may be equivalent to genes VII and IX, which encode two of the minor coat proteins of the Ff phages. Interestingly, orf38 has an eight codon overlap with orf43, whereas genes VII and IX overlap by only two codons. The structural features required for transcription and translation initiation in X. campestris have not been reported. However, ribosome binding sequences for P. aeruginosa, an organism phylogenetically related to X. campestris, are similar to those of E. coli. It is therefore helpful to view these other systems as models for the sequence requirements of ~bLf. Accordingly, all the four ORFs revealed in this study possess consensus sequences for ribosome binding (Table 1) , whereas consensus promoter sequences were not found.
In Ff and IKe, mRNA synthesis directed by genes 1I to VIII has been found to initiate at different promoters to produce nested products terminating at a rhoindependent transcription termination signal 18 bases downstream of gene VIII (Edens et al., 1978) . Although sequences similar to E. coli consensus promoter sequences were not found in the ~bLf region encompassing orf98 to orf42, a G-C-rich sequence very similar to the transcription termination signal of Ff (Fig. 8 a; van Wezenbeek et al., 1980) , IKe (Peeters et al., 1985) and Pf3 ( Fig.  8b ; Luiten et al., 1983) is present 16 bases downstream of the major coat protein gene. The transcript of this sequence could form a stem-loop structure with a 10 base-pair stem and a four base loop which is followed by a U-rich terminus (Fig. 8 c) . Immediately following orf98 of Cflc, at a location similar to the stem-loop structure of q~Lf, there is also a stretch of sequence which may form a stem-loop structure ( Fig. 8d ; Kuo et al., 1991) .
It has been established that several filamentous phages have strong similarity in their overall gene order despite lacking sequence homology. Our study provides further evidence in support of this generalization. 
